) that were irrigated frequently. Trunk diameter growth of trees in frequently irrigated kentucky bluegrass (1.91 ± 2.65 mm) was 29% of that of the trees grown in buffalograss (6.68 ± 1.68 mm), regardless of irrigation treatment, suggesting a competition effect from kentucky bluegrass. We conclude that frequent irrigation of balled-and-burlapped trees in turfgrass, particularly buffalograss, is more conducive to tree health during establishment than is maximizing the interval between turfgrass irrigation. Regardless of irrigation schedule, kentucky bluegrass appears to impact tree growth severely during establishment in an arid climate.
Water conservation in irrigated urban landscapes across the United States is becoming increasingly important as human populations increase and drought strains existing water supplies (Kjelgren et al., 2000b) . Turfgrass, particularly a cool-season species such as kentucky bluegrass, is a principal component of landscape irrigation and is a major focus of water conservation. Precise scheduling of irrigation is an important method for conserving landscape irrigation water. Another important conservation approach is to use lower-water-use plant material. In much of the western United States, buffalograss, a species native to the Great Plains of North America, is becoming more popular because of its low water down to 0.9 m (Klingenberg, 1992; Weaver, 1958) , and thus is more capable of depleting water in lower soil layers (Belsky, 1994) .
The impact of turfgrass competition on trees is often masked in irrigated landscapes in which all vegetation typically receive suffi cient water from over-watering with nonuniform irrigation systems (Kjelgren et al., 2000a) . As irrigation systems are improved, however, to apply water more uniformly and precisely, turfgrass is often pushed to the threshold of water stress. Under these conditions, the competition for water between trees and turfgrass will increase. The magnitude of this impact is not fully understood, particularly for newly transplanted trees.
Newly transplanted trees are more susceptible to water stress than established trees (Kozlowski, 1975) because of their limited root zones (Belsky, 1994) . This is particularly true of balled-and-burlapped trees, where over 95% of the root system is lost during harvest (Watson and Himelick, 1982) . Establishing balled-and-burlapped trees in soils covered with precision-irrigated kentucky bluegrass sod will likely increase competition for water in the upper soil layers. We hypothesize that transplanting a tree into a precision-irrigated stand of buffalograss increases water competition and stress because buffalograss has a potentially deeper root system that can compete with tree roots. This possibility has not yet been investigated, but should be considering the potential impact on growth and development of newly transplanted trees.
Our objective for this study was to compare the effect of precision-irrigation scheduling versus frequent-irrigation scheduling over 2 years on growth and water relations of balledand-burlapped littleleaf lindens planted in well-established buffalograss and kentucky bluegrass sod.
Materials and Methods
In April 1998, 20 plots, each 6 × 6 m, were laid out in a randomized complete block design with four replications at a research farm north of Logan, Utah, on a Millville silt loam (coarsesilty, carbonatic, mesic Typic Haploxerolls). Field capacity (-0.03 MPa) and wilting point of the soil (-1.5 MPa) were 0.25 and 0.10 m 3 ·m -3 , respectively, for the particular soil type (Or, 1990) . The level plots were divided by a 1-m border to prevent sprinkler overlap into adjacent plots. Eight plots were seeded with buffalograss and another eight plots were seeded with an unknown genotype of kentucky bluegrass. Four additional plots were nonvegetated controls covered with coarse hardwood mulch 10 cm deep. A gear-drive sprinkler system (model 55059; Orbit Inc., Salt Lake City, Utah) was installed in the 16 plots with one sprinkler head at each of the four corners. A distribution-uniformity test was conducted to determine the average application rate, and a correction factor was used to increase application rate to account for areas of uneven application (Stewart et al., 2004) . The average application rate was 25 mm·h -1 and the average distribution uniformity was 0.72. A drip system with 11-L·h -1 emitters was installed at the base of each tree in the four mulched plots. Turfgrass plots were allowed to establish during the growing season in requirement (Klingenberg, 1992; Mintenko et al., 2002) . Grasses, however, are only one component of landscapes.
Trees are monetarily and aesthetically valuable parts of most landscapes, and many are planted into the turfgrass matrix that covers many ornamental landscapes. Trees planted in a densely vegetative ground cover are always in competition for water (Caldwell, 1987) . The degree of competition is a function of the vegetation-free zone around the tree; the larger the zone, the less the competition. Kentucky bluegrass is particularly competitive for water due to high water uptake near the surface (Beard, 1973; Watson, 1988; Watson and Himelick, 1982) , with roots concentrated in the upper 0.3 m of soil (Beard, 1973; Gist and Smith, 1948) . Trees avoid competition with turfgrass by extending roots below those of the grass (Dawson et al., 2001; Hernández-Leos, 1998 ) to a depth of 1 to 2 m (Atkinson, 1980; Laiche et al., 1983) , thereby accessing more water (Dawson, 1993 1998. During the summer of 1999 the turfgrass was maintained under well-watered conditions except during a water-defi cit treatment period in August when the point of incipient water stress and root depth were determined for both turfgrass species (Stewart et al., 2004 Two irrigation-scheduling treatments were applied in 2000 and 2001, both based on estimating turfgrass water loss as a function of local reference evapotranspiration (ET o ). A data logger (model CR10X; Campbell Scientifi c, Logan, Utah), located 0.3 km from the study area, estimated ET o on a hourly basis with an online algorithm based on the Penman-Monteith UN-FAO-24 equation (Allen et al., 1989) . To estimate ET o , the data logger was equipped with a model CS500 probe (Campbell Scientifi c), a pyranometer (LI200SX; LI-COR, Lincoln, Nebr.), and an anemometer (model 034A-L; Met One, Grants Pass, Ore.) to measure relative humidity and air temperature; incoming shortwave radiation; and windspeed, respectively. Precipitation was also measured with a tipping bucket rain gauge (model TE525MM; Texas Electronics, Dallas, Texas); precipitation was subtracted from ET o when calculating irrigation requirements. ET o data was downloaded daily to calculate irrigation requirements. Turfgrass water loss was estimated from the product of ET o and a fractional turfgrasswater-loss coeffi cient. The water-loss coeffi cients for buffalograss and kentucky bluegrass were 0.65 and 0.8, respectively (Ervin and Koski, 1998; Kneebone et al., 1992) .
Soil moisture was monitored twice per week at 0.3-m increments with a Hydroprobe neutron depth-moisture gauge (model 503 DR; Campbell Pacifi c Nuclear, Martinez, Calif.) in access tubes (0.04-m-diameter PVC pipe) located 1.5 m from the center of each plot and installed vertically to a depth of 2 m. Since the Hydroprobe can not measure volumetric water content near the soil surface, a volumetric water-content sensor (HydroSense CS620; Campbell Scientifi c) was used to measure soil water content in the top 0.15 m of soil.
The fi rst irrigation treatment was defi ned as frequent-replacement-irrigated; turfgrass was irrigated to replace estimated turfgrass water loss every 3 to 4 d. The amount of water applied at each irrigation varied depending upon weather conditions affecting ET o . Frequently irrigated plots of both turfgrass species were irrigated in 2000 on 12, 15, 18, 21, 24, 27, and 30 June; 3, 6, 10, 13, 17, 20, 24, 27, and 31 July; and 3, 7, 10, 14, 17, 21, and 24 Aug. In 2000, the estimated total amount of water applied per plot to frequent-replacement-irrigated buffalograss and kentucky bluegrass plots was 9018 and 11090 L, respectively. In 2001, frequently irrigated plots of both turfgrass species were irrigated on 14, 19, 23, and 27 June; 2, 6, 9, 13, 16, 20, 24 , and 28 July; and 1 Aug. The estimated total amount of water applied to the frequent-replacementirrigated buffalograss and kentucky bluegrass plots was 7144 L each.
The second irrigation treatment was defi ned as precision-irrigated. Depletion of soil water within the root zone of each species was tracked with neutron probe and Hydrosense measurements until the point of incipient water stress was reached (Stewart et. al., 2004) . This value was previously determined for buffalograss and kentucky bluegrass (Stewart et al., 2004) . At that point, the turfgrass was irrigated to apply the total amount of water estimated to have transpired since the previous irrigation based on the rooting depth of both species where the highest concentration of roots were distributed. The highest concentration of roots of buffalograss and kentucky bluegrass were 60 cm and 30 cm from the surface, respectively (Stewart et al., 2004) . Precision-irrigated plots of buffalograss were irrigated in 2000 on 24 June; 1, 11, and 21 July; and 8 Aug. Precision-irrigated plots of kentucky bluegrass were irrigated in 2000 on 16, 21, and 30 June; 6, 11, 21, and 28 July; and 8, 15, and 22 Aug. The estimated total amount of water applied per plot in 2000 to the precision-irrigated buffalograss and kentucky bluegrass plots was 8457 and 10721 L, respectively. In 2001, precision-irrigated plots of buffalograss were irrigated on 14, 19, 23 June; and 2 and 12 July. Precision-irrigated plots of kentucky bluegrass were irrigated in 2001 on 14, 19, 20, 23, and 27 June; and 2, 8, 12 , and 21 July. In 2001, the estimated total amount of water applied per plot to the precision-irrigated buffalograss and kentucky bluegrass plots was 7870 and 6968 L, respectively. The trees in the control plots were watered at least once a week for two hours. In 2000 and 2001, 261 and 191 L were applied per tree, respectively to the trees in the control plots.
Irrigation was withheld from all plots from 3 Aug. until 12 Sept. 2001 to determine if the turfgrass and irrigation treatments affected the susceptibility of trees to water stress. There was no precipitation during the period without irrigation.
The 30-year average daily maximum air temperatures for June, July, and August were 27, 31, and 30 °C, respectively (http://www.wrcc.dri. edu/cgi-bin/cliMAIN.pl?utlogu). Daily maximum air temperatures in 2000 during June, July, and August were 33, 38, and 31 °C, respectively. Cumulative ET o for June through August was 477 mm versus an average 555 mm (Ashcroft et al., 1992) . However, total precipitation for the same period was 52 mm, while the 30-year average for this period was 84 mm (http://www.wrcc.dri. edu/cgi-bin/cliMAIN.pl?utlogu). Consequently, the buffalograss and kentucky bluegrass were irrigated 5 and 10 times, respectively, from midJune to late August. Conditions were hotter and drier than average in 2001, when daily maximum air temperatures were 31, 34, and 33 °C in June, July, and August respectively. Cumulative ET o was 557 mm and total rainfall was 20 mm. This water balance resulted in 16 irrigations in 2001 of the kentucky bluegrass and fi ve irrigations of the buffalograss from early June to late August.
Tree water status in response to irrigation treatments was assessed weekly over the 2000 growing season, and during the period without irrigation in 2001, by measuring predawn leaf water potentials with a Schölander-type pressure chamber (model 3005; Soilmoisture Equipment, Santa Barbara, Calif.) once weekly. One leaf per tree with an intact petiole was removed with a razor blade, sealed in an airtight, plastic bag, and then stored in a cooler until leaf water potential was measured a few minutes later. Immediate measurements of leaf water potential were not possible due to the distance between the trees and the pressure chamber.
Tree stomatal conductance also was measured within 1 to 2 h of solar noon once per week in 2000 with a steady-state porometer (LI-1600; LI-COR, Lincoln, Nebr.). Five fully exposed leaves and two leaves in the shade were measured to obtain an average of canopy stomatal conductance. Two morning-to-evening studies were done during 2000 (15 June and 29 Aug.). Stomatal conductance of the trees was measured every 2 h on seven leaves per tree. Temperature of each leaf blade was also measured with a handheld infrared thermocouple transducer (model IRT-S; Apogee Instruments, Logan, Utah). Incoming shortwave radiation, air temperature, and relative humidity were also tracked over both days with the adjacent weather station.
Treatment effects on tree growth were determined by measuring trunk diameter growth with an electronic digital caliper (model P6394; SHAN, China) at the beginning and end of the growing season. Leaf area was determined by defoliating all trees at the end of September of both years. A subsample of 20 leaves was randomly selected from each tree and measured with a leaf area meter (model CI-203 with CI-203A conveyor attachment; CID Inc., Vancouver, Wash.). Total foliage dry weight was obtained after drying all leaves at 60 °C for 24 h. Ratios of leaf area to dry weight were multiplied by the dry weight of all the leaves to estimate total leaf area for each tree (Montague et al., 2000) .
Data were analyzed by using the general linear models procedure and the Tukey-Kramer multiple comparisons option of SAS/STAT software, Version 8 (1999) (SAS Inst., Cary, N.C.).
Results and Discussion
Trees in the mulched and frequently irrigated treatments did not exhibit water stress during 2000; values of predawn leaf water potential remained from nearly -0.3 to -0.6 MPa (Fig. 1) . Lower values of predawn leaf water potentials indicated that the trees in precision-irrigated kentucky bluegrass were under mild water stress in early June for nearly 7 d (Fig. 1) . While predawn leaf water potentials of trees in precision-irrigated kentucky bluegrass remained lower than those for the mulched and frequently irrigated trees until mid-July, they were not different (Fig. 1) . Water stress was more pronounced for trees in precision-irrigated buffalograss, as indicated by predawn leaf water potentials that were lower than those of trees in the other treatments during three dry periods between irrigations in late June, July, and August (Fig. 1) . This may have been due to the amount of water applied, which was 76% of the total amount of water applied to the frequent-replacement-irrigated kentucky bluegrass. Predawn leaf water potentials of trees in precision-irrigated buffalograss recovered after 28 June 2000 and were similar to those of trees in the other treatments when evaporative demand was low (Fig. 1) . Water stress was not manifest in any of the turfgrass species in both years, regardless of treatment.
During the treatment period in 2000, the pattern of change of midday stomatal conductance was similar to that of predawn leaf water potential in the precision-irrigated buffalograss relative to that of the trees in the other treatments (Fig. 2) . Consistent with values of predawn leaf water potential, trees in precision-irrigated buffalograss had lower values of midday stomatal conductance than those of trees in the other treatments through most of the study period, but differences were not signifi cant until mid-to late August (Fig. 2) .
Morning-to-evening stomatal conductance values ( Fig. 3A and B) were consistent with the weekly midday stomatal conductance measurements in relation to treatment differences within species. On 15 June, trees in all treatments exhibited midday stomatal closure. However, on 29 Aug., there was a reduction in midday stomatal conductance for trees in the precisionirrigated buffalograss and a concurrent increase in leaf temperature later in the day (Fig. 3B and  D) . Although incoming shortwave radiation, air temperature, and relative humidity had similar patterns on both measurement dates, cloud cover resulted in less incoming shortwave radiation on 29 Aug. 2000 ( Fig. 3E and F) .
There were no differences in total leaf area of trees across irrigation treatments in 2000 (Table  1 ). The differences in predawn leaf water potential and midday stomatal conductance observed in the trees in the precision-irrigated treatments, particularly for those in precision-irrigated buffalograss, were manifested in decreased trunk diameter growth (Table 1 ). There were also no differences among values of trunk diameter growth of trees when compared in a two-way analysis of variance for species, irrigation, or species-treatment combination effects (Table 1) .
There was an effect of turfgrass species on both total leaf area and trunk diameter growth in 2001 (Table 1) . During the period without irrigation from mid-August 2001 until mid-September 2001 predawn leaf water potential declined from -0.5 to -0.8 MPa, but there were no differences among treatments (data not shown). Total leaf area of trees grown in precision-irrigated kentucky bluegrass was only 46% of that of trees grown in frequently irrigated buffalograss (Table 1 ).
There were, however, no differences in total leaf area among trees grown in precision-irrigated turfgrass of either species or trees in frequently irrigated kentucky bluegrass. Trunk diameter growth of trees grown in frequently irrigated kentucky bluegrass was only 29% of that of the trees grown in buffalograss of both irrigation treatments after the second year (Table 1) , suggesting a competition effect from kentucky bluegrass. There also may have been an allelopathic effect of the kentucky bluegrass roots on the growth of the trees (Bosy and Reader, 1995; Fales and Wakefi eld, 1981) . More work needs to be done to investigate this possibility.
It appears that, regardless of treatment, all trees had become established within 56 d after transplanting based on the relatively less negative values of predawn leaf water potential at the beginning of the treatment period in 2000 (Fig. 1) . Two months after planting, predawn leaf water potential of the trees was -0.3 to -0.6 MPa (Fig. 1) . According to Abod and Webster (1991), new roots of littleleaf linden initiate slowly. However, it appears the trees were able to establish relatively quickly; they were likely able to regenerate new roots soon after transplanting. Establishment occurs when a balance between root absorptive area and transpiring leaf area occurs (Gilman, 1992) . Montague et al. (2000) found that before establishment 126 d after transplanting, 'Greenspire' littleleaf linden trees had values of predawn leaf water potentials near -1.6 MPa, whereas after establishment, average predawn leaf water potential was -0.8 MPa. Unirrigated, transplanted, fi eld-grown silver maple (Acer saccharinum L.) and kentucky coffeetrees (Gymnocladus dioicus [L.] K. Koch) grown in Illinois required 91 d after transplanting and two growing seasons, respectively, to reach nontransplant predawn leaf water potential levels (Kjelgren and Cleveland, 1994) . Some contend that alleviation of transplant shock, as indicated by recovery to pre-transplant predawn leaf water potentials, typically takes two or more growing seasons (Beeson, 1994) , possibly due to the residual effect of osmotic adjustment (Turner and Jones, 1980) . Although the trees in our study in 2000 had only been established for one growing season, they were not under water stress, due to frequent initial irrigations and their relatively small caliper size.
Application of the precision-irrigated treatments in buffalograss and kentucky bluegrass had a negative effect on predawn leaf water potential by early June 2000 (Fig. 1) . Later in the season the interval between irrigations, and lack of rain, resulted in pronounced water stress for the trees in precision-irrigated buffalograss as indicated by comparatively larger negative values of predawn leaf water potential and midday stomatal conductance ( Figs. 1 and 2 ). The shorter interval between irrigation of precision-irrigated kentucky bluegrass, however, likely enabled the trees to avoid water stress as indicated by their relatively high predawn leaf water potentials and stomatal conductance ( Figs. 1 and 2 ). The similarities in leaf area and trunk growth between those of trees in precision-irrigated buffalograss and those of the control treatment represent evidence that the trees in precision-irrigated buffalograss were able to recover after irrigations (Table 1) . Fernandez et al. (1997) observed similar recovery results after applying water to young apple trees (Malus ×domestica Borkh. 'Imperial Gala') that were previously under water stress.
The minimal effect of irrigation treatments on tree growth during the fi rst year after transplanting was likely due to transplanting effects that obscured the effect of water stress. Root loss of balled-and-burlapped trees can negatively effect leaf area and shoot elongation (Kjelgren and Cleveland, 1994) . Tree leaf area is sensitive to water stress over time (Mills et al., 1996) . Total tree leaf area would not be as affected during the fi rst year after planting because the effect of stress occurred later in the season after cessation of leaf growth (Palmer, 1988) . There would, however, be an effect likely shown during the second year. Trunk growth would more likely be affected by mid-to late-season water stress because it occurs over more of the growing season than do leaf development and expansion. The effect of precision irrigation, however, must be considered broadly. While not signifi cant at accepted probability levels, the combined irrigation effect in a two-way comparison in 2000 showed that the precision-irrigated trees trended toward less trunk growth (P ≤ 0.11) and leaf area (P ≤ 0.14). This result suggests that the prudent approach to irrigating turfgrass with newly planted trees would be frequent applications. This approach could still conserve water by basing application amount on ET o , but the trees would have adequate soil water between irrigations to avoid water stress. Although more water was applied to precision-irrigated buffalograss in 2001 than that of the other species-treatment combinations, much of the water likely leached through the soil, rendering it unavailable for plant consumption. High-frequency irrigations would probably be unavoidable in a coarse soil due to its lower water-holding capacity. The depletion threshold would also be higher in a coarse soil at higher water contents than in a fi ne-textured soil with a higher water holding capacity (Kjelgren et al., 2000a) , Particularly notable is the effect of kentucky bluegrass on tree growth observed in 2001. Kentucky bluegrass had a greater competition effect on trunk diameter growth than did buffalograss (Table 1) . Kentucky bluegrass has a very high proportion of its roots within 30 cm of the surface (Stewart et al., 2004; Watson, 1988) , while roots of buffalograss are more evenly distributed through the root zone (Stewart et al., 2004; Weaver, 1958) . Consequently, the level of competition with buffalograss was less near the surface, where most tree roots are located (Hernández-Leos, 1998; Watson and Himelick, 1982) . Although not measured directly, we assume that kentucky bluegrass competition near the surface was for all available resources, space as well as water. The absence of signs of water stress during the period without irrigation in 2001 could have been due to the relatively low total tree leaf area. There may have been a relatively low demand on water; thus the smaller trees in the kentucky bluegrass would not deplete soil water as rapidly as those with a higher total leaf area. Over time, however, as tree crown size increases, we presume that shading of turfgrass will shift the competitive advantage for water to trees, particularly those growing in buffalograss, because it is much less shade tolerant than kentucky bluegrass (Quinn, 1998) . In addition, further work is needed to analyze the competitive and allelopathic effects of kentucky bluegrass on the distribution of tree roots.
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